In Brief
Bä ckhed et al. assessed the gut microbiomes of 98 Swedish mothers and their infants during the first year of life. Cessation of breast-feeding was identified as a major factor in determining gut microbiota maturation, with distinct shifts in signature species being hallmarks of its functional maturation.
INTRODUCTION
The human gut microbiota is an important environmental factor for human health (Clemente et al., 2012) , having evolutionarily conserved roles in the metabolism, immunity, development, and behavior of the host (Cabreiro and Gems, 2013; Erkosar et al., 2013) . Although considerable efforts have focused on cataloguing the adult human gut microbiome and its relationship to complex diseases (Human Microbiome Project Consortium, 2012; Karlsson et al., 2013; Li et al., 2014; Qin et al., 2010 Qin et al., , 2012 , studies on the infant gut microbiota have been restricted to culture-based enumeration, 16S-based profiling, and/or small sample sizes (Adlerberth et al., 2006; Brook et al., 1979; Dominguez-Bello et al., 2010; Eggesbø et al., 2011; Koenig et al., 2011; Palmer et al., 2007; Subramanian et al., 2014; Yatsunenko et al., 2012) . Thus, factors that shape the gut microbiota in early infancy have not been satisfactorily examined.
From an ecological point of view, colonization of the infant's gut represents the de novo assembly of a microbial community (Costello et al., 2012) and is influenced by dietary and medical factors (Eggesbø et al., 2011; Koenig et al., 2011; La Rosa et al., 2014) . However, it is not clear how these factors contribute to the overall composition and function of the infants' gut microbiome, and how different microbes cooperate or compete with one another as the gut environment changes.
Here we performed metagenomic shotgun sequencing on fecal samples from 98 full-term Swedish infants and their mothers, assembled gut microbial genomes, and demonstrated gut microbiome signatures characteristic to each chronological and functional stage during the first year of life. In addition, we produced a gene catalog of the developing microbiome, which may constitute an important research tool.
RESULTS

Genomes Assembled from the Infants' Gut Microbiome
To characterize the infant gut microbiome, we shotgunsequenced stool samples from 98 mothers at delivery after a normal pregnancy, and from their infants (15 of whom were delivered by C-section) sampled longitudinally during the first days of life and at 4 and 12 months of age (Table 1 and see Table S1 available online). All infants were born term at gestational age 37-42 weeks, and the majority of parents were of Swedish origin (12/98 infants had at least one parent of non-Swedish origin). In total, we generated 1.52 Tb paired-end reads of high-quality sequences (average 3.99 Gb per sample) (Table S2) . A gene catalog was constructed for each time point based on de novo assembly and metagenomic gene prediction, and functionally annotated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Table S2) .
To structurally organize and taxonomically annotate the genes from the infant samples, we devised a strategy to reconstitute most bacterial or archaeal genomes in their gut metagenome ( Figure S1 ). We assembled a total of 4,356 genomes (>0.9 MB) de novo, by binning assembled contigs according to abundance variations across samples (similar to construction of metagenomic linkage groups; Qin et al., 2012) . These de novo assembled genomes were complemented by 1,147 genomes from the National Center for Biotechnology Information (NCBI) Bacteria/Archaea genome database. All genomes were subsequently clustered into 690 unique metagenomic operational taxonomic units (MetaOTUs) that were equivalent to species-level classifications ( Figure S1 ). Firmicutes and Bacteroidetes were the most prevalent phyla, followed by Actinobacteria and Proteobacteria ( Figure 1A) . A total of 373 MetaOTUs were annotated to species (Table S2) ; the remaining 317 represented novel species related to known species ( Figure 1A) . Although not as complete as the genomes from NCBI, the novel MetaOTUs showed good coverage of conserved single-copy genes (78.6% versus 55.2% on average; Table S2 ) (Rinke et al., 2013) . Most of the MetaOTUs constructed from the infant samples were also found in the mothers, where they often showed increased abundance ( Figure 1A) .
Principal coordinate analysis (PCoA; unweighted UniFrac distance) (Lozupone and Knight, 2005) based on the MetaOTUs showed that the samples clustered according to age, and demonstrated that the 12-month-old infant samples were most similar to the mothers ( Figures 1B and 1C) . We observed increased a-diversity but reduced b-diversity as a function of time ( Figure 1D ), indicating a more complex and less heterogeneous community. The rising complexity was also supported by increased numbers of microbial genomes identified in the older infants (Table S2) .
Inheritance of the Mother's Gut Microbiome
The mode of delivery strongly affected microbiome species in neonates (Figures S2A and S2B;  (Table S3 ), indicating that skin and oral microbes, but also bacteria from the surrounding environment during delivery, were the first colonizers in these infants. In contrast, the gut microbiota of vaginally delivered newborns were enriched in microbes from the genera Bacteroides, Bifidobacterium, Parabacteroides, Escherichia/Shigella (p < 0.05), which also were the most abundant members of the newborns' gut microbiota (Table S3) . However, newborns with Escherichia/Shigella as the most abundant genus were sampled earlier than those dominated by Bacteroides or Bifidobacterium ( Figure S2D ; on average 2.6, 3.6, and 5.4 days after birth, respectively), in agreement with high abundance of Escherichia DNA in the meconium and the placenta (Aagaard et al., 2014; Gosalbes et al., 2013) . Thus, the low abundance of Escherichia/Shigella in neonates delivered by C-section could reflect slightly later sampling compared with the vaginally born newborns (4.9 ± 1.9 versus 3.6 ± 2.8 days after birth). The difference between delivery modes gradually decreased at 4 months and then 12 months of age, but the C-section infants remained more heterogeneous compared to the vaginally born infants ( Figures S2A and S2B) . Bacteroides, in particular B. ovatus /B. xylanisolvens, B. thetaiotaomicron, B. uniformis, and B. vulgatus/B. dorei, were less prevalent or missing in the C-section-delivered newborns compared to vaginally born infants, and this difference remained at 4 and 12 months (Table S3) .
To investigate to what extent the mothers' gut microbiota contributed to the establishment of the gut microbiota in their infants, we compared the microbial species in newborns and (Figure 2A ), suggesting vertical mother-neonate transfer. The remaining 52 MetaOTUs were not observed in mothers, showed a low prevalence in the newborns (42 MetaOTUs observed in fewer than 5 newborns), and often failed to be transmitted to the 4-month-old infants (Table S3) . A few MetaOTUs found in more than 10 newborns were not found in their mothers, including Propionibacterium acnes, Streptococcus agalactiae, and Veillonella_oral_taxon_780 ( Figure 2A ; Table S3 ), and possibly originated from other body sites or the environment. However, the prevalence of those species declined with age and was completely depleted at 12 months, probably reflecting reduced fitness to persist in the human gut. Mother-to-infant transmission was compromised in C-sectiondelivered neonates. We found that 72% (135/187) of the early colonizers of the vaginally delivered newborns' gut matched species found in the stool of their own mother, whereas 41% (55/135) of these species were detected in C-section newborns. We observed less frequent sharing of bacteria such as Bacteroides, while sharing of bacteria such as Enterococcus faecalis was (B) Boxplot for unweighted UniFrac distance between the infants' and mothers' MetaOTU profiles (NB, newborn; 4M, 4-month-old infants; 12M, 12-month-old infants; M, mother). (C) Scatterplot from PCoA, based on unweighted UniFrac distance of the MetaOTUs in each sample. (D) a-diversity and b-diversity determined by Rao's diversity decomposition at the MetaOTUs level, considering both phylogeny and relative abundance. See also Figure S1 and Table S2 . Figure S2 and Table S3. retained ( Figure 2B ; Table S3 ). Mother-newborn transmission of Bifidobacterium was also observed in C-section delivered infants, but with lower frequency compared with vaginally delivered newborns (Table S3) , and in agreement with previous studies (Makino et al., 2013) . Our results indicate that most of the early colonizers of the newborn gut originate from the mother and that the mode of birth is an important factor shaping the gut microbiota of term infants in early life.
Functional Maturation of the Gut Microbiome
To determine how the functional capacity of the infant gut microbiota developed during the first year of life, we analyzed the gut microbiome of vaginally delivered infants using the KEGG orthology groups (KOs). During the first year of life the newborn's relatively simple gut microbiome evolved into a more complex and adultlike configuration, consistent with previous studies (Yatsunenko et al., 2012) . We observed increased functional similarity with the mother's gut metagenome and reduced interindividual differences for the 1-year samples ( Figure S3A ).
The human gut microbiota is a reservoir for antibiotic resistance genes, known as the resistome (Forslund et al., 2013; Hu et al., 2013; Li et al., 2014) . Here we observed the presence of antibiotic resistance genes already in the newborn microbiome ( Figures S4A-S4C ), possibly a consequence of the relative high abundance of Proteobacteria DNA, whose genomes contain high levels of antibiotic resistance genes (Hu et al., 2013; Li et al., 2014) . The newborn microbiome had over 90% prevalence of genes involved in resistance against bacitracin, tetracycline, and macrolides ( Figure S4C ), the resistance against which were also most prevalent in the adult gut (Forslund et al., 2013; Hu et al., 2013) . Prevalence for resistance against antibiotics such as kanamycin increased with age, with the highest occurrence in the mother microbiome ( Figure S4C ). Five of the infants received antibiotic treatment within 4 months after delivery, which resulted in a minor shift in the microbiota composition at 4 months (Table S10) but did not affect the pool of antibiotic resistance genes in the 12 months microbiome (Figures S4A and S4B) . The microbiome of infants delivered by C-section, however, tended to contain a greater portion of antibiotic resistance genes compared to vaginally delivered infants ( Figure S4D , Wilcoxon rank-sum test, p = 0.027 between newborns, p = 0.161 between 4 month olds, p = 0.088 between 12 month olds, p = 0.099 between mothers).
The metagenomic analyses also revealed distinct energy source utilization in the infant gut at the sampled time points (Table S4 ). In particular, phosphotransferase system (PTS) genes for carbohydrate uptake were enriched in the newborn microbiome, while the lactose-specific transporter was most abundant in 4-month-old infants ( Figures 3A and 3B ), consistent with a diet dominated by milk. The microbiomes of newborns and 4-month-old infants were enriched in genes required for degradation of sugars from the breast milk, the major source of nutrition in these two groups. In contrast, b-glucoside-specific transporters were most abundant in the 4-month-old and 12-month-old infants ( Figure 3B) . Accordingly, the 12-month microbiome was enriched in genes involved in degradation of complex sugars and starch ( Figure 3A ) and associated with increased abundance of B. thetaiotaomicron ( Figure S3B ), known to have a wide repertoire of glycan-degrading enzymes (Sonnenburg et al., 2005; Xu and Gordon, 2003) , and of modules involved in carbohydrate metabolism ( Figures S3C and S3D) . The abundance of B. thetatiotaomicron and pectinesterase, the primary enzymes in pectin degradation, were most abundant in the 12 months infants ( Figures S3B and S3C) , possibly due to the increased intake at this age of solid or semisolid food rich in pectin at this age.
As a result of the succession of bacterial metabolic functions in the maturing infant gut, we observed that Desulfovibrio spp. and Methanobrevibacter smithii were abundant in mothers and absent in infants, except in two 12-month-old infants that were colonized by M. smithii ( Figure S3E ). This finding is in agreement with the microbiome's increased capacity for methane production in the mothers ( Figures 3A and Figure S3F ), which is associated with increased fermentative capacity in the adult microbiome that requires disposal of hydrogen as methane or other byproducts (Charalampopoulos and Rastall, 2009 ).
The microbiome is exposed to a larger variety of dietary substrates as the infant grows older, which is linked to enrichment of genes in the central carbon metabolism ( Figure 3A ). For example, KO modules for pyruvate metabolism, the pyruvate:-ferredoxin oxidoreductase catalyzing the conversion of pyruvate to acetyl-CoA, was enriched in 4-month-old and 12-month-old infants versus neonates ( Figure S3D ). In contrast, the relatively oxidized gut environment of neonates enables gut microbes to exploit TCA cycle for energy production and metabolism, as shown by the enrichment of KO modules for TCA cycle in neonates compared with 4-month-old and 12-month-old infants and the mothers ( Figure S3D ). Taken together, our results indicate that the microbiome adapts to the availability of energy substrates as the infant grows older.
The gut microbiome is an important producer of vitamins ( Figures 3A, S3G , and S3H). All newborns in Sweden receive prophylactic vitamin K injections to avoid classic hemorrhagic disease. We observed enriched levels of genes for vitamin K2 (menaquinone) synthesis in newborns, which correlated with the high abundance of Bacteroides and Escherichia/Shigella (Table S4), known vitamin K2 producers . Vitamin K2 is important for bone and heart health, and the microbiome was recently described to modulate bone homeostasis (Sjö gren et al., 2012) . Metabolism of retinol was also most enriched in the newborns ( Figure S3H ), with implications in several essential developmental processes such as vision, bone, and teeth. Vitamins from the so-called B complex are needed for the body to convert nutrients into glucose and produce energy. Folate (vitamin B9) is one of the essential B vitamins involved in DNA synthesis and repair. Folate biosynthetic genes were significantly enriched in newborns ( Figures 3A, S3G , and S3H). Genes for pyridoxal (vitamin B6) and biotin (vitamin B7) synthesis were also significantly enriched in newborns. In contrast, thiamine, pantothenate and cobalamin (vitamins B1, B5, and B12, respectively) biosynthetic genes increased with age, consistent with a previous study (Yatsunenko et al., 2012) (Figures S3G and  S3H) . However, modules for vitamin B12 transport system were strongly increased in the newborn metagenome, but decreased with age (Table S4) . Similarly, transporters for iron, hemin, and heme, which are linked to vitamin B12 synthesis and important for iron metabolism, were also increased in the microbiome of newborns ( Figure S3I ).
The representation of KOs for amino acid metabolism also varied with age ( Figures 3A, 3C , and 3D; Table S4 ). The transport systems for all essential amino acids were increased in the neonate's microbiome, and the levels remained high until the age of 4 months ( Figure 3C ). Protein requirements, calculated per kilogram of body weight, gradually decrease with age until weaning (Boudry et al., 2010) , which in parallel could affect the requirement for amino acids transport systems in agreement with our data. The pathway or modules for methionine degradation, lysine biosynthesis, leucine, and tryptophan metabolism increased with time and reached levels comparable to those found in the mothers by 12 months of age (Figures 3A and 3D ; Table S4 ). Finally, the genes for synthesis and metabolism of the amino acid neurotransmitter GABA (gamma-aminobutyrate) and the hormone melatonin showed differential enrichment in neonates, 4 month olds, and 12 month olds ( Figure 3D ). In humans, melatonin plays a role in entraining the circadian system (Reiter, 1991) . The fact that newborns do not have an established circadian melatonin rhythm, which appears later, at 3-4 months of age, and matures in childhood, concords with our observation on melatonin biosynthesis fluctuation (Ardura et al., 2003) .
Signature Taxa at Each Stage
Next we characterized distinctive features of the first year's gut microbiome and defined signature taxa in vaginally and C-section-delivered infants using an established ecology method that considers both the abundance and the prevalence of different taxa (Dufrê ne and Legendre, 1997). In the vaginally delivered group, newborns harbored bacteria from Enterococcus, Escherichia/Shigella, Streptococcus, and Rothia ( Figure 4A ; Table S5 ), suggesting a relatively aerobic gut environment. The genera Bifidobacterium, Lactobacillus, Collinsella, (Table S5) . Each vertical lane corresponds to one sample. Signature genera only seen in C-section or shifted in different stages compared with vaginally born infants are highlighted with an asterisk. See also Table S5 .
Granulicatella, and Veillonella were identified as signatures of the 4-month microbiome, which indicated reduced oxygen concentration and increased production and utilization of lactic acid for a diet mainly composed of milk ( Figure 4A ). Signature genera at 12 months included bacteria found in newborns, i.e., Bacteroides; bacteria emerging at 4 months, e.g., Anaerostipes, Anaerotruncus, and Clostridiales; and bacteria that only occurred at 12 months, i.e., Eikenella ( Figure 4A ; Table S5 ). Many of these microbes are efficient degraders of dietary fibers and producers of short chain fatty acids (SCFAs), suggesting a shift toward a more adult-like intestinal environment associated with the increased functional capacity for carbohydrates degradation. The C-section infants (n = 15) appeared to differ from the vaginally delivered infants in signature genera at each stage ( Figure 4B ; Table S5 ), e.g., Blautia and Prevotella were signature at 12 months instead of in the mothers. Moreover, we also observed that the ecological network was remodeled as the gut microbiota of vaginally delivered infants progressed into an older stage (permutational p < 0.05; Figure 5 ). The relative abundance of MetaOTUs annotated to Escherichia and Staphylococcus species negatively correlated with each other but became positively correlated in 4 months (Spearman's correlation coefficient <À0.6 in newborn, >0.6 in 4 months; Figure 5A ). A number of facultative anaerobes positively correlated with many obligate anaerobes in newborns but had much reduced or negative correlations at 4 months, likely reflecting decrease in oxygen concentration and more defined ecological niche ( Figure 5A ). The transition from positive to negative correlation between Veillonella atypica and Peptoniphilus and Anaerococcus species might also indicate increased butyrate instead of lactate production by the Peptoniphilus and Anaerococcus species (Ezaki et al., 2001 ) at 4 months. Bifidobacterium longum, a signature MetaOTU at 4 months (Table S6 ), showed such transition from positive to negative correlation with B. adolescentis ( Figure 5A ), suggesting competition or diversifying selection. From 4 to 12 months, Ruminococcus gnavus had the greatest number of significantly changed connections ( Figure 5B ). Both R. gnavus and Roseburia inulinivorans were signature MetaOTUs of the 12-month-old infants (Table S6) . R. gnavus can utilize host mucin glycans and has been found to increase in adult patients with Crohn's disease, while Roseburia inulinivorans grows on the prebiotic dietary fiber inulin (Joossens et al., 2011; Prindiville et al., 2004; Willing et al., 2010) . Collectively, these results indicate that both the composition and the network structure of the gut microbiota evolve as the infants grow, in response to environmental factors and resources feeding into the community.
Feeding Pattern and Gut Microbial Maturation
To better evaluate the role(s) of different factors on the establishment of the gut microbiota during the first year of life, we analyzed the impact of breast-feeding in vaginally delivered infants. The feeding pattern reported as exclusively breast-feeding or mixed feeding during the first week of life did not significantly affect the newborn microbiome (p > 0.05, PERMANOVA; Table S7 ). We evaluated potential differences in gut microbial maturation and chronological age coincident with the different feeding pattern (Figures 6A and 6B) . The random forest model (Subramanian et al., 2014) was trained using relative abundances of all MetaOTUs in exclusively breast-fed newborns (n = 49, who were also vaginally delivered and ceased breast-feeding between 4 and 12 months), and 64 MetaOTUs (27 of which were novel species) were selected as markers for gut microbiota age (Figures 6A  and S5A ; Table S7 ). On the test set consisting of infants who as newborns received formula in addition to breast milk, the age estimates at newborn and 4 months were often older compared to the exclusively breast-fed newborns (Figures 6A and 6B) . Using the same model we noted that gut microbiota was also older in C-section-delivered infants at birth and at 4 months compared with vaginally delivered infants ( Figure S5B) .
At 4 months, we noted clear differences between infants who received exclusive breast-feeding and exclusive formulafeeding, respectively, in the gut microbiota at the MetaOTU level (Table S7 ). Exclusively breast-fed infants had increased levels of taxa that are used as probiotics such as L. johnsonii/L.gasseri, L. paracasei/L. casei, and B. longum (Table S7) . Four-monthold formula-fed infants had elevated levels of Clostridium difficile, Granulicatella adiacens, Citrobacter spp., Enterobacter cloacae, Bilophila wadsworthia, in agreement with previous studies (Bezirtzoglou et al., 2011; Penders et al., 2005) . B. adolescentis was enriched in the formula-fed infants, consistent with its positive to negative correlation with B. longum from newborn to 4 months ( Figure 5 ). Although the overall functional difference was small (feeding pattern at 4 months accounted for 1.30% of the variation in KOs, p = 0.33, PERMANOVA; Table S7 ), formula-fed infants were enriched in KO modules for some of the transporters in the PTS system and enriched in functions found in the adult microbiome, such as bile acid biosynthesis and methanogenesis ( Figure 6D ; Table S7 ). According to the CAZy (carbohydrate-active enzymes) database (Lombard et al., 2014) , formula-fed infants exhibited an overrepresentation of GH86, GH116, PL1, and PL2, which are b-agarase or b-porphyranase and pectate lyase (Table S7 ). In contrast, the microbiome of infants that were exclusively breast-fed had higher levels of KO modules involved in oxidative phosphorylation and synthesis of B vitamins such as riboflavin, tetrahydrofolate, and biotin (Figure 6D ; Table S7 ) and GH119 (a-amylase; Table S7 ).
The cessation of breast-feeding had profound effects on the microbiota in 12-month-old infants and shifted the microbial ecology toward an adult-like composition enriched in Bacteroides, Bilophila, Roseburia, Clostridium, and Anaerostipes (Table S7 ). In contrast, the gut microbiome of infants breast-fed at 12 months was still dominated by Bifidobacterium, Lactobacillus, Collinsella, Megasphaera, and Veillonella (Table S7 ), bacteria that have previously been found in breast milk (Jost et al., 2014) . Consistently, the ''microbiota age'' of these 12 month olds appeared younger than that of infants who were no longer breast-fed (compare Figure 6E with Figures 6A and 6B ). Thus our results underscore the role of breast-feeding in the shaping and succession of gut microbial communities during the first year of life.
DISCUSSION
Our study shows how the gut microbiota develops during the first year of life after a normal term pregnancy in 98 full-term Swedish children. Mode of delivery and cessation of breastfeeding were two key factors driving the assembly of an adult-like gut microbiota. We observed nonrandom transitions in the infants' gut, probably induced by the establishment of an anaerobic environment, nutrient availability, and microbial interactions during community succession. We developed a Meta-OTU method that allowed the identification of more than 4,000 new microbial genomes, thus making it highly useful for comprehensive investigations on microbial genomes in various environments.
Our results showed an increased a-diversity and reduced b-diversity in the gut microbiota of the growing infant, pointing to the development of a more complex and less dissimilar Significantly different Spearman's correlations for MetaOTUs between newborn and 4-month-old infants (A) and between 4 and 12 months (B) are plotted (p < 0.05 in 999 permutations). Only vaginally delivered infants were considered. Spearman's correlation coefficients (cc) > 0.6 or < À0.6 and p < 0.05 in at least one stage were compared, and significance of the difference between two stages was tested by permutation. For p < 0.05, q value = 0.070 between newborn andmicrobiota over time, as reported previously from lateral comparison of different children and adults (Yatsunenko et al., 2012) . Based on the survey of 16S rRNA, the authors concluded that the infant microbiome gradually matures into an adult-like structure until the age of 3 years (Yatsunenko et al., 2012) . However, this might be more based on the gut microbiota in the Malawian and Amerindian children, as the 1-year-old infants from the United States were already as close to the adults as teenagers. In our Swedish cohort, infants at 12 months were more similar to their mothers than were newborn infants or newborns at 4 months. However, differences remained in the gut microbiome between the 1-year-old children and the mothers both compositionally and functionally, awaiting further maturation.
Consistent with a previous study on premature infants (La Rosa et al., 2014) , our results show that the maturation of the gut microbiota is a nonrandom process, where distinct signature species and a network of changing positive and negative interactions between key microbial taxa can be identified at each sampled age. However, while in preterm neonates host biology (gestational age at birth) was indicated as the major driver (La Rosa et al., 2014) , our results on term infants show that mode of delivery and feeding patterns have major effects on gut microbiota assembly. We observed that most of the early colonizers are derived from the mother, and that in C-section infants vertical mother-infant transmission was less frequent for important intestinal microbes such as Bacteroides and Bifidobacterium, while sharing of bacteria from skin and mouth was increased, in line with an earlier study (Dominguez-Bello et al., 2010) .
Together with the development of an adult-like microbiota, we also followed the maturation of the functional capacity of the infant microbiome. Our results underscore the role of the gut microbiota for the production of essential amino acids and vitamins for the growing infant. While the infant gut microbiota acquired significant capacity to produce amino acids and vitamins after 4 months of life, the increase in transporters capacity indicates that the newborn's microbiome is poised to the upcoming change in the intestinal environment and progression to a mature profile. Intriguingly, considering evidence that the gut microbiota may affect behavior, many functions of the developing gut microbiome linked to the metabolism of vitamins, iron, and amino acids are also required for normal brain development (Lozoff et al., 1987) , thus adding to the possibility that the gut microbiota might affect behavior (Diaz Heijtz et al., 2011; Hsiao et al., 2013) .
Our results also underscore the role of breast-feeding in the shaping and succession of gut microbial communities during the first year of life. The gut microbiota of children no longer breast-fed was enriched in species belonging to Clostridia that are prevalent in adults, such as Roseburia, Clostrium, and Anaerostipes. In contrast, Bifidobacterium and Lactobacillus still dominated the gut microbiota of breast-fed infants at 12 months of age. The different microbial configuration was also associated with functional shifts, as the increased capacity to degrade polysaccharides promoted by the introduction of solid foods did not become apparent until the infants stopped breast-feeding. Therefore our results strongly suggest that cessation of breastfeeding rather than introduction of solid foods is the major driver in the development of an adult microbiota. Indeed, recent research has shown that breast-feeding as an infant is associated with the adult microbiota community type (i.e., Bacteroidesdominated) (Ding and Schloss, 2014) , and with a distinct microbiota profile and expansion of Th17-based immune response in rhesus macaques (Ardeshir et al., 2014) . These studies and our results hint to the life-long effects of breast-feeding for the priming of the gut microbiome, with possible effects on metabolic and immune health that we are only beginning to understand.
EXPERIMENTAL PROCEDURES Study Population and Sampling
The study population was recruited before birth upon mothers' arrival to the delivery ward, as part of a larger study (Gerd et al., 2012) , and the study was approved by the Regional Ethical Review Board in Lund. Informed consent was obtained from all mothers. Ninety-eight complete infant/mother samples were obtained. The infants (44 boys/54 girls) were all the result of healthy term pregnancies planning vaginal delivery (C-section [n = 15] , vaginally born [n = 83], two newborn samples from vaginally delivered and one newborn delivered through C-section were missing; Table 1 ). Fecal sample series including mother at birth and infant as newborn, aged 4 (time for introduction of solid foods) and 12 months (when children are generally fed full meals), were collected, and feeding pattern and antibiotic usage were recorded (Supplemental Experimental Procedures). Samples were frozen at À80 C and stored until further analysis.
DNA Extraction and Metagenomic Sequencing
Genomic DNA was isolated from approximately 100 mg of stool using the NucleoSpin Soil kit for (MACHEREY-NAGEL, Germany) following the manufacturer's instruction, with the only modification being that the vortex step was replaced with repeated bead beating at 5.5 m/s for 60 s using the FastPrep-24 Instrument (MP Biomedicals). DNA library construction was performed following the manufacturer's instruction (Illumina Hiseq2000). One paired-end library with insert size of 350 bp for each sample was built and sequenced with 100 bp read length from each end. Adaptor contamination, low-quality reads, and host contaminating reads were removed from the raw sequencing reads sets. On average 39.9 million high-quality reads per sample were generated for further analyses. The proportion of high-quality reads among all raw reads from each sample was 86.7% on average.
De Novo Assembly of Contigs and Genomes
We assembled high-quality reads into contigs for each of the samples using SOAPdenovo2 (Luo et al., 2012) . For each sample, contigs that did not map to known genomes in the NCBI database were binned according to their covariations across samples using an Ordering Points to Identify the Clustering Structure (OPTICS) algorithm (Supplemental Experimental Procedures). Each bin was then optimized using an expectation maximization (EM) algorithm and manually curated according to GC content versus depth of coverage (GC-depth) graphs. Contigs within each bin were assembled into genomes using SOAPdenovo2 (Luo et al., 2012) .
Construction of MetaOTUs and Taxonomic Assignments
A total of 4,356 de novo assembled draft genomes and 1,147 bacterial or archeal genomes from NCBI that were detectable in our samples were clustered into MetaOTUs according to genome-genome distance based on MUMi (Deloger et al., 2009 ) and the Spearman distance (Leung et al., 2011) . The parameters were optimized so that each MetaOTU represents a species (Supplemental Experimental Procedures).
The taxonomic assignment of each MetaOTU is determined by the taxonomic information of the NCBI genomes that resided within the MetaOTU.
All 313 unannotated MetaOTUs and 116 of the 373 annotated MetaOTUs that also contained newly assembled genomes were analyzed by a set of conserved single-copy genes (SCGs, 139 genes for bacteria) as described in Rinke et al. (2013) , and coverage of the 139 bacterial genes indicates completeness of the genomes (Table S2 ). For the 116 MetaOTUs containing both newly assembled genomes and reference genomes from NCBI, the statistics were performed separately for these genomes. Nonredundant genes in the MetaOTUs were aligned to the SCGs by using the Pfam database (default parameters), and the match with the best bit score was used if a gene aligned to multiple SCGs, i.e., unique annotation.
Gene Catalog Construction and Functional Annotation
We performed gene prediction using GeneMark v2.7 from the assembled contigs (Qin et al., 2010) . All predicted genes were aligned pairwise using BLAT (Kent, 2002) and genes, of which over 90% of their length can be aligned to another one with more than 95% identity (no gaps allowed), were removed as redundancies. We constructed four gene catalogs for newborns, 4 month infants, 12 month infants, and the mothers, respectively.
We translated the nonredundant genes into putative amino acid sequences and aligned these genes against a set of protein sequences from KEGG (release 59.0, with animal and plant sequences removed) using BLASTP (e value % 1e-5). Each protein was assigned to the KO by the highest scoring annotated hit(s) containing at least one HSP scoring over 60 bits. Annotation to glycoside hydrolases (GHs) and polysaccharide lyases (PLs) in the CAZy database (Lombard et al., 2014) were performed by matching their corresponding enzymes (ECs) from the KO results.
Differentially enriched KO pathways, modules, or CAZy families were identified according to their reporter score (Patil and Nielsen, 2005) , from the Z scores of individual KOs (Supplemental Experimental Procedures).
Taxonomic Annotation and Abundance Calculation
Taxonomic assignment of the predicted genes was performed according to the IMG database (v400) using an in-house pipeline detailed previously , with 70% overlap and 65% identity for assignment to phylum, and 85% identity to genus. The relative abundance of a taxon was calculated from the relative abundance of its genes (Supplemental Experimental Procedures).
Ecological Parameters
The total diversity in the MetaOTU or KO profile of each cohort was decomposed into a-diversity (within-sample) and b-diversity (between-sample) according to the method proposed by Rao (Rao, 1984 (Rao, , 1982 .
Signature genera or MetaOTUs were identified according to their IndVal values, which consider both the occurrence and abundance of a taxon (Dufrê ne and Legendre, 1997) (Supplemental Experimental Procedures).
MetaOTU Networks
Spearman's correlation coefficient was calculated between any two MetaOTUs according to their abundance fluctuations in each stage for the vaginally delivered infants. Changed interactions between newborn and 4 months or between 4 months and 12 months were identified by subtracting the coefficient in one stage from the other (Table S6 ). MetaOTUs present in less than six samples, or with Spearman's cc between À0.6 and 0.6, or p R 0.05 in both stages under comparison were not considered. Permutation was performed for 999 times to test whether the change was equal to 0. The percentage of the test statistics not less than the one from the original observation was the permutational p value. Networks were visualized using Cytoscape 3.0.2.
Calculation of Gut Microbiota Age
The relative abundance profile of all MetaOTUs in each training sample (n = 49) was fit against its corresponding chronological age (unit, days) using default parameters in the randomForest package in R (3.0.1), as was done previously with OTUs from 16S pyrosequencing (Subramanian et al., 2014) . According to rfcv function in the random forest package, 64 MetaOTUs led to a reasonably good fit ( Figure S4A ), and they ranked top 64 in permutational importance (Table S7 ). The random model based on these 64 MetaOTUs was then applied to the test samples (n = 15, 21, 9) to calculate their ''gut microbiota age.'' Both the chronological age and the gut microbiota age were continuous numbers, as in Subramanian et al. (2014) .
ACCESSION NUMBERS
Gut metagenome sequences have been deposited to EBI's Sequence Read Archive under the accession code ERP005989. Draft genome assemblies and other data will be deposited to GigaDB (http://gigadb.org/). 
